Although we now have thousands of studies focused on the nano-, micro-, and whole-animal mechanics of gecko adhesion on clean, dry substrates, we know relatively little about the effects of water on gecko adhesion. For many gecko species, however, rainfall frequently wets the natural surfaces they navigate. In an effort to begin closing this gap, we tested the adhesion of geckos on submerged substrates that vary in their wettability. When tested on a wet hydrophilic surface, geckos produced a significantly lower shear adhesive force (5.4 ± 1.33 N) compared with a dry hydrophilic surface (17.1 ± 3.93 N). In tests on an intermediate wetting surface and a hydrophobic surface, we found no difference in shear adhesion between dry and wet contact. Finally, in tests on polytetrafluoroethylene (PTFE), we found that geckos clung significantly better to wet PTFE (8.0 ± 1.09 N) than dry PTFE (1.6 ± 0.66 N). To help explain our results, we developed models based on thermodynamic theory of adhesion for contacting surfaces in different media and found that we can predict the ratio of shear adhesion in water to that in air. Our findings provide insight into how geckos may function in wet environments and also have significant implications for the development of a synthetic gecko mimic that retains adhesion in water.
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contact angle | superhydrophobicity | van der Waals | friction | bioinspired adhesive O ver the past decade, researchers have made extraordinary progress in understanding how the gecko adhesive system works (1) (2) (3) (4) (5) (6) (7) (8) . Indeed, many laboratories have tested hundreds of synthetic mimics for potential use in robotics, medicine, space, and everyday life (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Although the range and performance of synthetic "gecko-tapes" are impressive, important gaps remain in our knowledge of the system and its capabilities in natural environments. Geckos are extremely diverse, constituting more than 1,400 species worldwide (22, 23) . However, knowledge of the natural substrates and conditions geckos use is very limited. For example, it is likely that many species move across leaves and other plant structures that are not perfectly smooth and have variable surface chemistries (24, 25) . In principle, the interaction of gecko feet with such surfaces may have a significant effect on adhesion, yet gecko research has only just begun to tackle such questions (26) (27) (28) . Additionally, natural surfaces are likely to become wet (especially in the tropics) and dirty, potentially reducing adhesion. Although research on the ability of geckos to remove dirt from their toes has received some attention (29, 30) , studies on wetting and the effect of water are limited, despite the well-known antiwetting properties of the toes, which are superhydrophobic and have a low-contact-angle hysteresis (31, 32) .
Somewhat surprisingly, geckos cannot stick to hydrophilic glass when it is covered with a layer of water (33) . Anecdotally, this effect has been long and widely appreciated; nevertheless, the effect of water on gecko adhesion is complex. For example, a thin water layer on a hydrophilic sapphire substrate can be expelled at the adhesive interface between a gecko toe and the substrate (34) , likely because of the gecko's superhydrophobic toe pads. Conversely, a thick water layer (∼0.5 cm deep) on a hydrophilic glass surface cannot similarly be expelled. Moreover, a large drop in adhesive strength occurs when the adhesive system is submerged in water (33) . At face value, this is perplexing: many geckos live in tropical habitats where surface wetting from rain and humidity is expected to be common. However, arboreal geckos likely use plant surfaces more than other substrates, such as dirt, sand, or manmade glass and plastics, and many plant surfaces are hydrophobic (24) . This begs the obvious question: Can geckos stick to wet hydrophobic surfaces? Unfortunately, data necessary to answer this question are very limited. Early experiments by Hiller (35) tested for the effect of surface wettability on adhesion using surfaces whose water contact angle ranged from 62.6°to 92.7°. Although gecko adhesion was inversely related to water contact angle, adhesion when these surfaces were wetted with water was not tested. More recent work demonstrated that a submerged atomic force microscopy (AFM) probe contacting the tips (spatula) of a gecko's adhesive hairs showed a significant decrease in normal pull-off force compared with a dry environment (36) . Similarly, Pesika et al. (37) tested adhesion between a small patch of the gecko's adhesive hairs (setae) and a silica surface in water under different loads and also found a significant drop in adhesive force. Taken together, however, these studies do not predict how the gecko adhesive system behaves under conditions that likely are quite common in their native environment.
In this study, we tested the effect of water on the gecko adhesive system using a range of surfaces with different wettability defined by water contact angle (θ Y Þ. Because geckos probably encounter hydrophilic surfaces (such as some flowers and roots) as well as hydrophobic surfaces (most plant leaves) (24, 38), we tested surfaces that are hydrophilic (θ Y = 50 ± 1.4°), intermediately wetting (θ Y = 85 ± 0.5°), and hydrophobic (θ Y = 94 ± 0.5°). We also tested the effect of water on adhesion to polytetrafluoroethylene (PTFE), a synthetic substrate to which geckos cannot adhere in dry conditions (35, 39) .
To explain our experimental results, we developed a model in which we take into account adhesion between a "gecko hair-like" surface and surfaces with different wettability in different media (in air and in water). We used a classic thermodynamic approach to calculate the work of adhesion between two separating surfaces: a gecko hair-like surface and each of the four surfaces we used in whole-animal experiments with different θ Y . Further, we expected that the gecko's setal morphology would have a significant effect on adhesion, because the small adhesive hairs form a multicontact interface rather than a flat, uniform contact. To take into account this geometric effect, we calculated the thermodynamic work of adhesion between a structured gecko hairlike surface and the substrates with varying θ Y . Our model allows us to predict adhesive forces across a range of surface wettability and environments that either the gecko or a synthetic mimic may encounter and, thus, highlights not only a very important aspect of the gecko adhesive system but also crucial design parameters for mimetic systems.
Materials and Methods
Whole-Animal Adhesion. Six tokay geckos (Gekko gecko) with an average weight of 99.3 ± 2.25 g were used during experimental trials. Detailed husbandry procedures are outlined by Niewiarowski et al. (40) . Before each experiment, the geckos were allowed 30 min to acclimate to the testing environment, which was maintained at 26 ± 0.1°C and 33 ± 0.3% relative humidity through all experimental trials. Procedures involving live animals followed guidelines published by the Society for the Study of Amphibians and Reptiles (SSAR 2004) and were approved by University of Akron Institutional Animal Care and Use Committee Protocol 07-4G.
Four substrates-glass, polymethylmethacrylate (PMMA), PTFE, and an octadecyltrichlorosilane self-assembled monolayer (OTS-SAM) formed on the surface of glass (SI Text, section 1)-were used in this experiment. Surfaces were mounted securely with Velcro to the bottom of a Rubbermaid container, which was used to hold water during trials. Each gecko was fitted with two harnesses, which were attached to a force sensor positioned horizontally on a motorized track, similar to the rig described by Niewiarowski et al. (40) and Stark et al. (33) . Maximum shear adhesive force was defined as the point at which all four feet began to slip along the surface. In the wet surface condition, the substrate was fully submerged in water (24 ± 0.2°C) so that ∼1 cm of standing water covered the surface, completely submerging the gecko's feet. Geckos were tested randomly on all surfaces except the OTS-SAM-coated surface, which was tested last. Each gecko was tested on all four surfaces and under both surface conditions (wet and dry) three times. Only the highest maximum shear force value collected from the three trials per individual was used in statistical analysis. The effect of surface type (glass, PMMA, OTS-SAM-coated glass, or PTFE) on surface treatment (wet or dry) was tested using a repeated-measures multivariate ANOVA. A matchedpairs analysis was used to compare specific treatments of interest. All sample means are reported as mean ±1 SEM.
Adhesion Model. To explain adhesion between a gecko foot and the four different surfaces used in whole-animal adhesion experiments, a classical thermodynamic model of adhesion was used to predict the adhesive interaction between the two contacting surfaces in either air or water.
There are three main assumptions for the model calculations: First, the surface of the gecko foot at the contact interface is assumed to have surface properties similar to those of lipid-like n-hexadecane. This assumption is based on our previous experiments indicating that gecko setae have phospholipids on their surface (34) . Second, the model assumes a normal direction of adhesion, whereas the experimental trials were carried out in the shear direction. We know that typically normal and shear adhesions are proportional for hard surfaces (41), whereas for soft surfaces, normal adhesion is only lower by the one-half power (42) . Considering the proportionality between normal and shear force, our assumption is reasonable. In addition, we compared only relative adhesion energies, rather than exact numbers, by calculating the ratio of the work of normal adhesion in water (W wet ) to the work of normal adhesion in air (W dry ) for each surface. Finally, our third assumption is that the contact interface is flat and contact between the two surfaces is chemically and structurally homogeneous. This includes the assumption that contact between the surfaces is dry, and no intervening layer of water is present between the two surfaces during contact.
Smooth Surface. We used the Young-Dupré equation to calculate the work of adhesion between each of our four surfaces (glass, PMMA, OTS-SAMcoated glass, and PTFE) and the gecko hair-like n-hexadecane surface (43) (SI Text, section 2.1).
In the case of wet adhesion, i.e., where water is the medium of contact, the work of adhesion (W wet Þ is calculated using the following equation (derived in SI Text, section 2.2):
Here, W wet is the work of adhesion between two surfaces contacting underwater, A c is the area of contact, γ h−water is the gecko hair-like n-hexadecanewater interfacial energy, γ h−air is the gecko hair-like n-hexadecane-air interfacial energy, and γ water−air is the interfacial energy at the water-air interface. To obtain the interfacial energies, we measured the contact angle of n-hexadecane (θ 1 ) and water (θ 2 ) on all four surfaces used in the experimental trials (Table 1; see SI Text, section 3 for procedure).
Patterned Surface. To take into account the surface morphology of gecko toes, we used a model unit cell. The unit cell consists of a tetrad pattern, which is representative of the setal pattern on the surface of the tokay gecko (G. gecko) toe ( Fig. 1 A and B) . The tetrad unit cell was made up of four square pillars, each with a square side width of 4 μm and height of 60 μm. The distance between any two adjacent pillars in one tetrad was 1 μm, and the separation between two adjacent tetrads was 2 μm (Fig. 1C) .
When the tetrad structure of gecko hair-like n-hexadecane is in contact with any of the four flat surfaces (glass, PMMA, OTS-SAM-coated glass, or PTFE), W dry is estimated using the Young-Dupré equation (SI Text, section 4.1). For W wet of a patterned surface, there are four different cases possible of "separated" and "in-contact" states that are associated with air pockets between the square columns before or after contact with the flat test surface (see Table 2 for schematics of each case). In all cases, the water surrounding the unit cell also is accounted for in W wet , whereas the adhesive interface is always assumed to be dry. In case 1, both the in-contact and the separated states maintain air pockets in the space separating the square columns. W wet for case 1 may be calculated using the following equation (Eq. 2), where A 1 and A 2 correspond to total surface areas of the gecko hairlike n-hexadecane tetrad-patterned unit cell and the surface with which it is in contact (glass, PMMA, OTS-SAM-coated glass, or PTFE), respectively:
In the separated state of case 2, water penetrates completely inside the tetrad asperities in such a way that the entire surface area of the tetrad unit cell is in contact with water. However, the in-contact state expels all the water, and the asperities occupied with water initially are replaced by air pockets. The equation to calculate W wet for case 2 is
Cases 3 and 4 represent the possibility that the gaps between the pillars in a tetrad are completely filled with water in the in-contact state; however, in the separated state, the gaps are either air pockets or filled with water for cases 3 and 4, respectively. Eq. 4 is used to calculate W wet for case 3, and Eq. 1 calculates W wet for case 4 (because it is only A C that is different for the patterned surface compared with the flat surface).
Derivations for each case are included in Supporting Information (SI Text, section 4.2), as are derivations for a non-tetrad-patterned unit cell model (SI Text, section 5, Fig. S1 , and Table S1 ).
Results
Whole-Animal Adhesion. Gecko adhesion in the shear direction (frictional adhesion) was tested on four surfaces with different wetting properties: glass, PMMA, OTS-SAM-coated glass, and PTFE. Water contact angles ranged from ∼50°to 100° (Table 1) . Whole-animal shear adhesion was measured on all four surfaces when submerged in water and when dry to test for a difference in adhesion when either air or water was the medium of contact. When comparing surfaces of different wettability (glass, PMMA, OTS-SAM, and PTFE) and the medium of contact (wet or dry), we found a significant interaction between surface wettability and medium of contact (F 3,8 = 8.82, P = 0.0064; Table S2 ). As reported previously (33) , gecko adhesion on the glass surface Errors are means ±1 SEM.
was significantly higher (t = −3.35, df = 5, P = 0.0204) when the surface was dry (17.1 ± 3.93 N) than when the glass substrate was submerged in water ( . Conversely, when tested on PTFE, geckos produced a significantly higher (t = 6.61, df = 5, P = 0.0012) adhesive force underwater (8.0 ± 1.09 N) than on dry PTFE (1.6 ± 0.66 N), unlike the results on all other surfaces (Fig. 2) . Similar to our previous report, geckos could not support their body weight (1 N of force to support a 100-g gecko) on a wet glass surface (33) . These experiments, however, were very controlled as we allowed the gecko to take steps only one foot at a time. In the results reported in this study, we allowed each gecko to place all four of its feet naturally before beginning the experiment and we measured only one force reading per experimental trial. Consequently, our cling force values for geckos on a glass surface submerged in water were higher (5.4 ± 1.33 N) than those reported previously [0.4 ± 0.04N (33) ]. Because the geckos were allowed to position all their feet at one time, we noticed that five of the six geckos were successful in achieving sufficient contact with the glass surface and one of their feet. This occurred for these five geckos only once in three trials, or about 28% of the total experiment time. When one foot was planted successfully on the hydrophilic glass surface, it was clear by visual inspection that this foot was the only foot contributing to overall whole-animal adhesion, and these events all produced over 1 N of force. If these data were removed from analysis, our results on the submerged glass surface would be 0.7 ± 0.07 N, similar to our previous findings. Using this value to calculate the wet-to-dry ratio of adhesion on a glass surface, the ratio would be even lower (0.04) than that reported (0.32; Table 2 ).
Smooth Surface Adhesion Model. We tested the hypothesis that the ratio of shear adhesion values from the whole-animal experiments on wet and dry surfaces could be predicted from a classical thermodynamic model, based on the work of normal adhesion (W) between two flat surfaces in air and in water. Using the Young-Dupré equation and Eq. 1, we calculated the W wet : W dry ratio for our model and compared this to the ratio of wet-to-dry shear adhesion values obtained experimentally from whole-animal adhesion measurements on each of the four surfaces ( Table 2) . The model calculations show that relative normal adhesion on Fig. 1 . Scanning electron microscope images of (A) the tetrad patterning of the tokay gecko (G. gecko) setal mats and (B) the four setae that are grouped together to form a single tetrad. To represent the tetrad morphology of the toe pad, a patterned surface was used to model the gecko setal mats (C ) using dimensions similar to those of the gecko setal mat. Each column, representing one seta, was 60 μm high and 4 μm wide. The separation distance between columns (setae) was 1 μm, and separation between tetrad unit cells was 2 μm. The model unit cell used for calculations is boxed in C. Scale bars are 10 μm. The W wet : W dry ratio in the smooth and patterned surface models is calculated as the work of normal adhesion of two surfaces coming into contact in water ðW wet Þ and the work of normal adhesion of two surfaces coming into contact in air ðW dry Þ. Models were calculated using a chemically similar gecko hair-like surface (n-hexadecane), represented as the yellow surface, and each of the four surfaces used for whole-animal experiments (glass, PMMA, OTS-SAM-coated glass, and PTFE), represented as the gray surface. Ratios for normal adhesion of a patterned surface may be separated into four cases of precontact (separated) and in-contact (shown by the arrow) with the gecko hair-like surface and the four experimental surfaces. When submerged in water (blue), the space between the patterned unit cell pillars is filled with either air or water. These are shown schematically, where case 1 shows a consistently dry interpillar region and case 4 shows one that is consistently wet. Case 2 represents the scenario in which the interpillar region first is wet and then becomes dry on contact, and case 3 represents the opposite, in which the interpillar region first is dry and then becomes wet after contact. The wet-to-dry ratios for wholeanimal shear adhesion on each of the four surfaces are shown in the last column.
any given test surface when tested in air and underwater is a function of surface wettability. As the hydrophobicity of the surface increases (water contact angle increases), the value of W wet : W dry increases. The experimental values from wholeanimal adhesion experiments also show a similar trend (Table  2 ), supporting our hypothesis that surface hydrophobicity may have a significant thermodynamic impact on gecko adhesion when tested underwater.
Patterned Surface Adhesion Model. To consider the effect of patterning of the setal mats, we took into account the gecko toe surface morphology by modeling a tetrad-patterned gecko hairlike surface. Using our calculations of the W wet : W dry ratios of each surface in various conditions, we qualitatively compared our model with experimental results. The W wet : W dry ratios for smooth surfaces and ratios for case 4 of the patterned surface are the same (Table 2) ; this is because the common multiplication factor corresponding to the total surface area for W wet and W dry cancels out as the ratio of the two is taken. Similar to the smooth surface model, hydrophobicity of the surface has a significant impact on the W wet : W dry ratio; however, each case presents different results for a given surface, suggesting that the presence of water between or around the hairs also plays an important role in adhesion underwater. Based on our results, we clearly can rule out cases 2 and 3 as possible conditions of pre-and postcontact between the patterned gecko hair-like surface and the flat test surfaces, as ratio values are either extremely high, favoring wet adhesion over dry (case 2), or extremely low, favoring dry adhesion over wet (case 3), neither of which occurs in the wholeanimal system. W wet : W dry ratios for cases 1 and 4 are most similar to those from whole-animal experiments, in which glass is the least favorable in wet conditions and ratios on the hydrophobic surfaces are near 1, supporting equal adhesion in wet and dry conditions (Table 2 ). Modeled ratios involving PTFE do not explain our experimental results (the experimental ratio is much higher than all modeled ratios) and are discussed later.
To further investigate cases 1 and 4, we imaged the gecko foot contacting glass and the OTS-SAM-coated surfaces underwater after the gecko took four steps, similar to experimental trials (Fig. 3) . The hydrophobic OTS-SAM-coated surface (Fig. 3B) shows typical characteristics of a dry contact (Fig. 3A) , such as a white rather than a gray appearance of the adhesive toe pads and their tendency to remain dry when taken out of the water. This suggests that our results are most similar to case 1, a constantly dry contact underwater with air pockets between the surface asperities in both the separated and in-contact states. On the hydrophilic glass surface, however, we typically see one of three scenarios taking place: a consistently dry contact (case 1), an entrapped air bubble between the toe and the glass surface (shown as a silvery layer on the toe; Fig. 3C ), or a scenario in which water wets the toes (case 3) and the wet toes appear gray when removed from the test surface.
Discussion
Despite substantial interest in the field, little work has been done to investigate the performance of the gecko adhesive system under conditions similar to the gecko's native environment. Although gecko species are widely distributed, many are native to tropical environments where surfaces are likely to be dirty or wet. In this study, we took into account the effect of surface wettability on adhesion to wet and dry surfaces by testing geckos on four different surfaces ranging from hydrophilic (glass), intermediately wetting (PMMA), hydrophobic (OTS-SAM-coated glass), and finally PTFE, a hydrophobic surface to which geckos fail to cling in dry conditions. To explain our findings from whole-animal experiments, we modeled adhesion between two surfaces, a gecko hairlike surface (n-hexadecane) and each of the four surfaces tested in whole-animal experiments, using both air and water as the media of contact. Results from whole-animal experiments and surface modeling suggest that gecko adhesion is highly dependent on surface wettability and the presence of water or air between the toe pad and the contact surface.
Similar to our previous report (33) , shear adhesion to the hydrophilic glass surface was much lower in water than in air experimentally (Fig. 2) and was consistently lower in our model Fig. 2 . Whole-animal shear (frictional) adhesion values from tokay geckos (G. gecko) tested on four surfaces in dry or wet contact. Each gecko (n = 6) was tested three times on each surface (glass, PMMA, OTS-SAM-coated glass, and PTFE), and the highest of the three tests was used for data analysis. Surfaces were tested either without water (dry) or fully submerged in water (wet). Error bars are means ±1 SEM. Fig. 3 . Images of a gecko foot (A) in dry contact with glass, (B) in wet contact with a hydrophobic surface (OTS-SAM-coated glass), and (C) in wet contact with a hydrophilic surface (glass). Geckos were allowed to take four natural steps to ensure adhesive contact with the surface. Areas where the toe is in dry contact with the surface appear white, similar to the dry contact in A, and areas where the toe appears gray have been wetted with water. Silvery air bubbles may be seen between wet lamellae in B and on most of the toe pad in C. Scale bars are 0.5 cm.
calculations compared with the other three surfaces ( Table 2 ). The anomalous behavior in the case of the glass surface is not surprising given that the surface is hydrophilic and thus shows higher affinity to water compared with other test surfaces. For example, three scenarios may occur when two surfaces contact underwater (44) . First, a layer of water between the surfaces acts as a barrier to the establishment of contact between the two. Second, roughness of the contact surface may change the contact area and also may leave small pools of water behind. Third, water may be fully excluded from the two surfaces and completely dry contact occurs. Depending on the gecko's foot placement, we found that either a dry contact formed by squeezing water out completely (case 1) or an air bubble formed (Fig. 3C ) that acted as a lubricating layer, causing the gecko to slip. There is another scenario that may occur in whole-animal gecko adhesion on wet surfaces in which a wetting transition occurs and the toe wets completely, causing a substantial drop in adhesion experimentally (33) and theoretically (case 3). These observations suggest that natural placement of the foot on the wet surface is important and adhesion may be highly variable when the surface is hydrophilic, potentially limiting a gecko's movement on wet hydrophilic surfaces. Interestingly, not all feet, and possibly not all toes, show the same scenario in any single trial; rather, it is always a combination of two or more behaviors happening at the same time that complicates the use of models, like ours, that assume homologous contact.
Our results on PMMA and OTS-SAM-coated glass are consistent with our hypothesis that adhesion will not be affected by water on surfaces that are more hydrophobic in nature than glass. This suggests that gecko adhesion is not impaired by surface wetting in geckos' natural environments, assuming their native substrates are at least moderately hydrophobic (perhaps θ Y ≥ 85°). Some of the main surfaces we expect geckos to be walking on are plant surfaces, such as leaves, which are primarily hydrophobic because of their waxy cuticle (24) . By imaging the foot in contact with the hydrophobic OTS-SAM-coated glass, it is clear that water is excluded from most of the adhesive toe pad and the contact made underwater is dry (Fig. 3B) . These results are similar to the contact made by a terrestrial beetle underwater, where trapped air bubbles actually allow dry contact to occur on hydrophobic surfaces and traction force of the beetle walking underwater does not differ from forces collected when the beetle was walking in air (45) . Our experimental results also are supported by our model, and ratios of wet to dry adhesion are near 1 (wet adhesion is not different from dry adhesion) in case 1, in which the gecko hair-like surface remains dry before and during contact. The maintenance of dry contact is interesting because when two surfaces become separated, water likely will penetrate the separation crack forming between the two surfaces and even propagate further growth (46) . This may be what occurs when testing normal and frictional (shear) adhesion of a patch of setae, where normal adhesion in water is much lower, as the result of water penetration, than frictional adhesion in water under high loads that presumably keep water from separating the two surfaces (37) .
The dominant mechanism behind the gecko's ability to stick is van der Waals forces, which in dry contact should be relatively insensitive to surface chemistry (2) . Of the three surfaces with similar Hamaker constants (see derivations in SI Text, section 6 and Tables S3 and S4)-glass (6.5 × 10 −20 J), PMMA (6.2 × 10 −20 J) and a glass plate coated with OTS-SAM (6.5 × 10 −20 J, assuming the OTS coating has no effect)-dry adhesion on the PMMA surface was almost significantly greater than both the dry glass (t = 2.33, df = 5, P = 0.0672) and the dry glass coated with OTS-SAM (t = −2.52, df = 5, P = 0.0535). The PMMA surface had a contact angle of 85 ± 0.5°and a slightly lower Hamaker constant. Although it is not entirely clear why dry PMMA was marginally better than the other two surfaces in our whole-animal experiments, it is interesting to consider an optimal surface for the gecko adhesive system and how such a surface may correlate to the natural surfaces of the gecko's environment.
In contrast, the Hamaker constants calculated in water are lower than in air for all the substrates studied here (SI Text, section 6, and Table S4 ). This is expected based on van der Waals interactions and may indicate that the adhesion forces to separate nonpolar surfaces in water should be lower in water. However, this is misleading because Hamaker constants do not accurately predict the interfacial energies of nonpolar materials in water and require the addition of hydrogen bonding (table 11.4 in ref. 47) . A simpler explanation for higher shear adhesion forces for nonpolar surfaces in water is the higher interfacial energies of nonpolar materials in water than in air, as calculated by our model (42) .
Our final surface, PTFE, provided surprising results. We quantitatively confirmed previous observations (35, 39 ) that geckos do not stick well to dry PTFE (1.6 ± 0.66 N). When tested on PTFE submerged in water, however, the geckos clung to the fully wetted surface significantly better than on the dry (8.0 ± 1.09 N), contrary to our findings on all other tested surfaces. Unlike our previous results on each of the other surfaces, our model does not predict the whole-animal experimental results. Our experimental ratio is fivefold higher than our theoretical ratio, and this discrepancy might be a result of the low adhesion of geckos to dry PTFE or the comparably high adhesion geckos have on wet PTFE. Additionally, the experimentally measured shear adhesion to dry PTFE is 10-15 times lower than shear adhesion to a surface with a similar water contact angle (OTS-SAM-coated glass). This low adhesion on PTFE cannot be explained by the small difference in the Hamaker constants (4.6 × 10 −20 J for PTFE compared with 6.5 × 10 −20 J for OTS-SAM-coated glass). We also do not believe that static charging is playing a role here, because the adhesion values for PTFE are lower, rather than higher, than those predicted by contact angles or Hamaker constants. In addition, surface charges will be neutralized underwater and cannot influence the shear adhesion values measured in water. One reason the experimental values of dry shear adhesion on PTFE are lower than the expected values from our theoretical models, or compared with a surface with similar water contact angle, may be related to the abnormally low coefficient of friction of PTFE. Interestingly, underwater shear adhesion values for PTFE are vastly improved and closer to our expected values for hydrophobic surfaces. We believe that the adhesion in air is anomalous for PTFE, resulting in much larger ratios for wet vs. dry shear adhesion forces. Additionally, we hypothesize that the roughness of PTFE also may play an important role. Although the roughness of the PTFE surface does not change when wet or dry, when PTFE is submerged in water, the roughness may be less important to adhesion because water can penetrate between the rough surface asperities. However, when dry, the roughness of PTFE may cause air gaps and a reduced contact area, lowering adhesion values. It is clear that further work is necessary to clarify the effect of roughness on adhesion to wet and dry surfaces. Interestingly, synthetic gecko-like PTFE pillars tested underwater with a silica probe also were successful in achieving adhesion; however, adhesion values underwater were not five times higher than dry as measured in our experiments (48) .
Our main goal was to answer a puzzling question: Can geckos living in tropical environments maintain adhesion on wet hydrophobic surfaces? Using our whole-animal adhesion results, we found that wet surfaces that are even weakly hydrophobic allow the gecko adhesive system to remain functional for clinging and likely locomotion as well. Our findings suggest a level of versatility in the gecko adhesive system that previously was not accounted for and calls into question interesting evolutionary, ecological, and behavioral predictions. For example, maintenance of the superhydrophobic toe pads likely is critical for geckos living in the tropics. The ability of the toes to shed water droplets relies on the wettability of the toe pad, and, as such, a surface chemistry conducive to water shedding should be conserved in species native to wet environments. Our recent finding of lipid-like molecules at the contact interface (34) may help maintain or prolong this antiwetting property; however, further experiments are needed to confirm this. Evolutionarily, geckos are an interesting group in that their adhesive toe pads have evolved multiple times (23) and, in at least one group, digital toe pads appear to be strongly correlated with ecological factors such as substrate utilization (49) . Although our experiment focuses on one tropical species of gecko (G. gecko), it is not unreasonable to consider potential variation in surface chemistry, toe pad roughness, or other antiwetting mechanisms that are dictated by environment. Although this study highlights yet another remarkable property of the gecko adhesive system, it is important to remember that the system remains limited on hydrophilic surfaces and loses functionality when the toes become wet (33) . It is unclear how these limitations affect adhesive performance in natural conditions; however, the answer to this might be related to compensatory behaviors or ecological constraints that have yet to be evaluated. Our findings highlight the importance of considering the natural environments in which geckos use their adhesive system, as well as how the chemical composition and patterning of their adhesive structures may play a role in the success of the system in challenging environments, such as those that frequently become wet. Our study also provides important information for the design of synthetic mimics that can attach equally well in water and in air or, in the case of PTFE, better in water than air, similar to what the gecko can achieve.
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